ABSTRACT: Matrix and cellular alignment are critical factors in the native function of many tissues, including muscle, nerve, and ligaments. Collagen is frequently a component of these aligned tissues, and collagen biomaterials are widely used in tissue engineering applications. However, the generation of aligned collagen scaffolds that maintain the native architecture of collagen fibrils has not been straightforward, with many methods requiring specialized equipment or technical procedures, extensive incubation times, or denaturing of the collagen. Herein, we present a simple, rapid method for fabrication of highly aligned collagen scaffolds. Collagen was assembled to form a fibrillar hydrogel in a cylindrical conduit with high aspect ratio and then frozen and lyophilized. The resulting collagen scaffolds demonstrated highly aligned topographical features along the scaffold surface. This presence of an initial fibrillar network and the high-aspect ratio vessel were both required to generate alignment. The diameter of fabricated scaffolds was found to vary significantly with both the collagen concentration of the hydrogel suspension and the diameter of conduits used for fabrication. Additionally, the size of individual aligned topographical features was significantly dependent on the conduit diameter and the freezing temperature. When cultured on aligned collagen scaffolds, both rat dermal fibroblasts and axons emerging from chick dorsal root ganglia explants demonstrated elongated, aligned morphology and growth on the aligned topographical features. Overall, this method presents a simple means for generating aligned collagen scaffolds that can be applied to a wide variety of tissue types, particularly those where such alignment is critical to native function.
■ INTRODUCTION
Structural anisotropy is a factor in the native function of a variety of biological tissues. Structural alignment imparts necessary mechanical strength to load bearing tissues such as skeletal muscle, cardiac muscle, the smooth muscle lining of blood vessels and intestines, ligaments, and tendons. 1−8 Cell and matrix alignment also provide a guidance field for migrating cells or cell processes, which plays an important role in tissue morphogenesis, wound healing, and tissue regeneration. 9, 10 Matrix alignment can also guide tissue regeneration in neural tissues such as the spinal cord and peripheral nerves. 11, 12 Tissue engineering strategies that incorporate structural anisotropy are crucial in the development of next generation scaffolds fabricated from synthetic materials or natural polymers, such as collagen. 13−17 Collagen is the most abundant protein in the human body and a key component of naturally occurring extracellular matrix (ECM). 18 Type I collagen is easily extracted from animal sources and can be further processed to produce scaffolds that retain a fibrillar architecture characteristic of native ECM. 19 Further, collagen is degraded and remodeled through natural enzymatic pathways, in contrast to many synthetic polymers that degrade hydrolytically into products that can be cytotoxic. 19−22 Extracted type I collagen is biocompatible, FDA-approved for a number of in vivo uses, and supports cellular growth and infiltration. 23, 24 At physiological temperature and pH, a solution of collagen triple-helical monomers self-assembles into a network of D-banded, triple-helical fibers surrounding a hydrated solution. 25 This fibrillar collagen network imparts mechanical strength to a gel or tissue, presents cell adhesion epitopes naturally within the matrix, and has the potential to guide cells within the network, similar to the topography of natural ECM. 25, 26 There are many approaches to align collagen for use as scaffolds, which have different advantages and drawbacks. Electrospinning is a relatively simple method that can easily generate highly aligned fiber scaffolds starting with collagen as a base solution. However, the volatile solvents, high shear, and harsh electrical fields have been shown to irreversibly alter collagen's native structure, resulting in denatured, gelatin fibers. 27 Alignment can also be induced by applying an external potential field during collagen self-assembly, such as a magnetic field or an electrochemical pH gradient; however, these methods require highly specialized and often costly apparatus and as a result are difficult to scale up. 28, 29 Several approaches utilize directional freezing and freeze-drying to form aligned scaffolds from natural polymers such as silk and collagen. 30−36 Wray et al. used gradient freezing of a silk solution in a mold of arrayed wires to fabricate silk-based scaffolds with tunable porosity, channel architecture, mechanical properties, and degradation rates. 30 Stoppel et al. then demonstrated that these aligned silk-based scaffolds could be combined with cardiac tissue-derived ECM to greatly enhance cellular infiltration and vascularization of the scaffold constructs when implanted subcutaneously in rats. 31 Other work has utilized similar freezing and lyophilization methods to produce collagen based scaffolds with aligned pores. Yannas et al. have prepared collagen and glycosaminoglycan sponges with axially aligned pores through unidirectional freezing and subsequent lyophilization of a collagen-chondroitin sulfate suspension aimed at scaffolds for nerve regeneration.
32−35 Unlike the methods described herein, this approach does not start with a continuous, entangled network of self-assembled, fibrillar collagen, but rather a mixture of soluble collagen and insoluble collagen fragments. More recent work from the same laboratory has demonstrated that collagen-only scaffolds with axially aligned pores can be fabricated through gradient freezing of an acidified collagen suspension. The setup for fabrication of these scaffolds required a custom built polyethylene mold with copper plugs and precise orientation of the molds to allow gradient freezing. 36 Mechanical forces can also be used to generate alignment. Anisotropic strain will orient the collagen fibers in the direction of the maximum strain, and the strength of the alignment will be dependent on the degree of anisotropy. 37 This alignment is local to the axis of maximum strain, and sections of the bulk gel that are not strained will maintain randomly oriented fibrils. One approach to introduce anisotropic strain is via cellmediated compaction. Cells are included during the preparation of the collagen gel and allowed to compact the gel by generating traction, constraining the deformation of the gel in some directions but allowing deformation in others. The anisotropic strain develops, which leads to fiber alignment. This alignment is dependent on the cell type, number, and incubation time. 38 Anisotropic strain can also be generated from extrinsically applied mechanical forces. In general, to apply this strain uniformly, repeatedly, and consistently, specialized equipment and apparatus are required, limiting the potential of this method for large scale fabrication of aligned collagen scaffolds.
Herein, we present a simple, alternate method that allows for the rapid fabrication of aligned collagen scaffolds. We hypothesized that, by constraining the shape of a collagen hydrogel to a high aspect ratio vessel during freezing and lyophilization, we could control the direction of gel contraction. The combined effect of the high aspect ratio vessel and the high water fraction of the hydrogel that is removed during lyophilization causes the radial shrinkage to be much greater than the axial shrinkage, which would generate scaffold alignment. This method is different from previous approaches with respect to its simplicity, the mechanism by which alignment is generated, and the presence of a continuous, entangled fibrillar collagen network as a starting material.
■ MATERIALS AND METHODS
Scaffold Fabrication. All reagents were purchased from Sigma unless otherwise indicated. Type-I bovine collagen (Elastin Products Company) was reconstituted in 0.02N acetic acid at 3 mg/mL. Buffered hydrogel solutions were prepared using the following protocol for 1 mL: 20 μL of HEPES, 130 μL of 0.15N NaOH, 100 μL of 10 × MEM, 53 μL of Medium 199 (Life Technologies), 10 μL of L-glutamine, 10 μL of penicillin/streptomycin, and 677 μL of 3.0 mg/mL collagen solution. The final concentration of collagen in the buffered hydrogel suspension was 2.0 mg/mL. Cylindrical silicone conduits (SmallParts.com) of various diameter (2380 μm, 3175 μm, 4762 μm, and 6350 μm) but the same length (6 cm) were used to ensure a high aspect ratio (minimum aspect ratio, length/diameter, was 9.44). These conduits were filled with hydrogel solution, and the filled conduits were then incubated at 37°C for 1 h to allow collagen self-assembly. Conduits were then frozen as described below and lyophilized (VirTis Benchtop K) overnight.
Parameter Variation in Scaffold Fabrication. The effects of several parameters on scaffold features were investigated. To study the effects of the freezing temperature and rate of freezing, fibrillar collagen within silicone conduits was placed in either (1) a −80°C freezer for 3 h, (2) a −20°C freezer for 3 h, or (3) snap frozen in liquid nitrogen. Freezing rate was not directly controlled. To study the effects of collagen concentration, buffered hydrogel suspensions with final collagen concentrations of 2.0 mg/mL, 4.0 mg/mL, 6.0 mg/mL, or 8.0 mg/mL were prepared using the recipe described above with suspensions of type-I bovine collagen in 0.02 acetic acid reconstituted at 3.0, 6.0, 9.0, and 12.0 mg/mL, respectively. These buffered hydrogel suspensions were self-assembled within silicone conduits, frozen at −80°C, and lyophilized overnight. To determine the effect of a low aspect-ratio vessel on scaffold fabrication, buffered hydrogel solutions were prepared as described above, 500 μL was placed in a low aspect ratio vessel (15.6 mm diameter wells in a 24 well plate (Fisher)), selfassembled at 37°C for 1 h, frozen at −80°C, and lyophilized overnight. The approximate aspect ratio of these scaffolds from the low-aspect ratio vessel was 0.167. Finally, to determine if collagen selfassembly was required to generate aligned features using this process, scaffolds were fabricated from an unassembled collagen suspension. Cylindrical silicone conduits were filled with buffered collagen solution but not incubated at 37°C. Instead, the filled conduits were immediately frozen at −80°C and lyophilized overnight.
Scanning Electron Microscopy (SEM). SEM imaging of freezedried scaffolds and rehydrated scaffolds was performed to evaluate scaffold features such as topography and alignment of surface features. Freeze-dried scaffolds were sputter coated with gold/palladium (SCD 004, Balzers Union Limited) and imaged via SEM (Amray 1830I, Amray Inc.). To observe the morphology of rehydrated scaffolds via SEM, freeze-dried scaffolds were hydrated in phosphate buffered saline (PBS) for 30 min at 37°C. Hydrated scaffolds were then subjected to dehydration in a series of solutions with increasing acetone concentration (25%, 50%, 75%, and 95%) for 15 min each and then placed in 100% acetone overnight. These samples were then critical point dried (CPD 020, Balzers Union Limited), sputter coated with gold/palladium, and imaged via SEM.
Scaffold Diameter Measurements. To make measurements of diameter, the scaffolds were cut into 1 cm transverse sections and placed into 24-well plates. Bright field montages were obtained at 4× magnification. PBS was added to each well, and the scaffolds were allowed to hydrate for at least 30 min. A second series of bright-field montages was obtained at 4× magnification to allow a comparison of scaffold diameter between freeze-dried and hydrated states. Scaffold diameter measurements from these images were made using ImageJ (NIH). Scaffold diameter was measured as the edge-to-edge width of scaffolds.
Feature Size Measurements. The width of individual topographical features on the surface of aligned collagen scaffolds was analyzed from SEM images of the freeze-dried scaffolds. Feature size measurements were made using ImageJ.
Uniaxial Tensile Testing. Two groups of scaffolds were tested to determine mechanical properties. Aligned scaffolds were prepared in 6 cm silicone conduits 3175 μM in diameter, self-assembled, frozen, and lyophilized as described earlier. Random scaffolds were prepared using the low aspect ratio vessel, self-assembled, frozen, and lyophilized as described in the parameter variation study. Both random and aligned scaffolds examined in tensile testing were prepared from a 2.0 mg/mL collagen hydrogel suspension and frozen at −80°C. Aligned scaffolds were cut into 13 mm segments, and random scaffolds were cut into 13 × 2 mm segments. Rectangular pieces of polystyrene with punched holes were used as interface between the scaffolds and the mechanical testing apparatus to prevent slippage of scaffolds during testing. Ends of the scaffolds were sandwiched between two pieces of polystyrene with cyanoacrylate adhesive, leaving a consistent gauge length of 5 mm. The adhesive was allowed to dry for 1 h before the samples were rehydrated in PBS for at least 30 min. A representative image of a mounted scaffold is shown in Figure 5A .
Samples were strained in uniaxial tension on a BOSE Enduratec ELF 3200 (BOSE Corporation, Eden Prairie, MN, USA), and load was measured using a 1N cantilever load cell (Measurement Specialties, Hampton, VA, USA). Hooks were formed from 20G steel wire and used to apply strain to the samples via the polystyrene. Samples were strained at 0.5 mm/s (10% s −1 ) until failure. Load and displacement were recorded at 24.4 Hz. Load was converted to nominal stress by dividing the load by the cross-sectional area. For aligned scaffolds, cross-sectional area was assumed to be that of a solid cylinder with diameter equal to that of the scaffold. For random scaffolds, cross sectional area was assumed rectangular and equal to the width times the thickness of the scaffold. The thickness of the random scaffolds was determined using a Kinexus Ultra rotational rheometer (Malvern Instruments). Samples were laid flat on the bottom plate of the rheometer stage, and the cylindrical upper top plate was lowered until 1.5 mm above the bottom of the stage. The top plate was then lowered until a 100 mN normal force was developed, and the thickness of the random scaffold was taken to be the distance from the bottom plate to the top plate.
Ultimate tensile strength (UTS) and strain at UTS were determined. Elastic modulus (E) was taken to be the slope of the linear region of the stress−strain curves, determined using linear regression in MATLAB.
Rat Dermal Fibroblast Culture. Rat dermal fibroblasts (RDFs) that constitutively expressed green fluorescent protein (GFP) were isolated from a transgenic animal (a gift from the W.M. Keck Center for Collaborative Neuroscience). RDFs were cultured in DMEM containing 10% FBS, 1% L-glutamine, and 1% penicillin/streptomycin. RDFs were seeded directly onto hydrated aligned scaffolds and hydrated random scaffolds formed in low aspect ratio vessels, at a density of ∼80 000 cells/cm 2 , and maintained in culture for 2 days prior to epifluorescent imaging on an Olympus IX81. The alignment of cells was measured by finding the cosine of the angle between the major axis of the cell and the prevailing orientation of the scaffold features. The major axis of the cells was determined using the entire cell as visualized by the epifluorecent images. These values were squared to produce an alignment index, Φ = cos 2 θ, for each cell, where Φ = 1 indicated alignment parallel to the features and Φ = 0 indicated alignment perpendicular to the features. 39 Neural Explant Culture. Dorsal root ganglia (DRG) were isolated from pathogen-free chick eggs at embryonic day 8 (Charles River Laboratories, Cambridge, MA) and cultured in DMEM containing 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% penicillin/ streptomycin supplemented with 100 ng/mL nerve growth factor. DRGs were plated onto hydrated aligned collagen scaffolds as well as hydrated random collagen scaffolds and maintained in culture for 3 days. DRG cultures were fixed in 4% paraformaldehyde solution and then stained immunohistochemically with mouse antineurofilament 200 followed by goat-antimouse AlexaFluor 568 secondary antibody (Life Technologies). Epifluorescent images were taken on an Olympus IX81.
Statistical Analysis. Data were analyzed with a two-way ANOVA followed by posthoc pairwise comparisons with Tukey's All Pairs Comparisons. Differences were considered significant at P < 0.05.
■ RESULTS
Scanning Electron Microscopy. SEM revealed a highly aligned, topographical architecture with long-range uniformity on the collagen scaffolds. The exterior of the scaffolds appeared as a cable-like group of aligned cylindrical structures ( Figure  1B) , which was preserved along the length of the aligned collagen scaffolds ( Figure 1C) . Cross sections revealed a highly porous interior, which may have given rise to folds and ridges on the exterior surface as the scaffolds contracted during lyophilization ( Figure 1D ). Scaffolds fabricated from unassembled collagen suspensions in high aspect ratio cylindrical conduits ( Figure 1E ) showed a highly porous topography, but failed to show any alignment of topographical features. Scaffolds fabricated from self-assembled collagen gels in a low aspect ratio vessel ( Figure 1F ) similarly did not exhibit any preferential alignment of topographical features.
Scaffold Diameter Measurements. For scaffolds prepared in the same length of tubing, scaffold diameter after freezing and sublimation was significantly related to the initial diameter for both dry and hydrated scaffolds (P < 0.0001; Figure 2A ). Posthoc pairwise comparisons indicated that all scaffold diameters were significantly different from one another (P < 0.0001) except for the comparison between scaffolds fabricated in the two smallest conduits (P = 0.676). The collagen concentration also significantly influenced the resulting scaffold diameter for both dry and hydrated scaffolds (P < 0.0001) ( Figure 2B ). The effect of freezing temperature on scaffold diameter was also examined ( Figure 2C ). Significant differences were observed between scaffolds frozen at −20°C and snap frozen in liquid nitrogen in both dry (P = 0.0195) and hydrated states (P = 0.0074). Despite this, freezing temperature was not identified as an important factor for determining scaffold diameter, based on the minimal increase in scaffold diameter for a corresponding increase in temperature (freezedried, 0.53 μm/°C; hydrated, 1.62 μm/°C). Hydration significantly increased the diameter of scaffolds in collagen concentration and freezing temperature studies (P < 0.0001). Hydrating the scaffolds generally increased the diameter of scaffolds in the conduit diameter study, but there was high variability in the final diameter with larger scaffolds, and the increase was not statistically significant (P = 0.059).
Feature Size Measurements. The diameter of individual topographical features on the surface of aligned collagen scaffolds was significantly related to the diameter of cylindrical conduits used for fabrication ( Figure 3A ; P < 0.0001).
However, posthoc pairwise comparisons indicated that only features from scaffolds made in largest diameter conduits were significantly larger than features from the other conduits (P < 0.0001). No other comparisons were significant (min P = 0.1868). The freezing temperature at which scaffolds were fabricated also significantly affected the diameter of these individual topographical features (P < 0.0001). However, these factors were poorly correlated (R 2 = 0.577). Snap-freezing in liquid nitrogen resulted in smaller diameter features than freezing at −80°C or −20°C ( Figure 3B ). The concentration of collagen in the initial hydrogel suspension did not have a significant effect on the feature diameter (P = 0.5439). SEM Figure 2 . Final scaffold diameter in dry and hydrated states. The diameter changed with (A) the initial scaffold diameter, which is the inner diameter of the tube in which the gel is cast, and (B) the collagen concentration of the hydrogel solution (P < 0.0001). (C) The scaffold diameter varied significantly with freezing temperature in both dry (P = 0.0233) and hydrated states (P = 0.0088), with posthoc comparisons revealing only the differences between scaffolds frozen at −20°C and snap frozen in liquid nitrogen were significant (P = 0.0195 for freezedried scaffolds, P = 0.0074 for hydrated scaffolds). images of the scaffolds fabricated from collagen assembled in low aspect ratio vessels demonstrated no preferentially aligned or oriented features at any magnification ( Figure 1F) .
Hydrated Scaffold Morphology. Critical point drying of hydrated aligned collagen scaffolds was performed to obtain SEM images of aligned collagen scaffolds in the hydrated state. Critical point drying is commonly utilized to dehydrate biological samples for SEM observation without disrupting the morphology or structure of the sample. 40 The SEM of hydrated scaffolds revealed that the aligned topographical features observed in the freeze-dried scaffolds were preserved after scaffold swelling ( Figure 4A ). At higher magnification, folds and ridges of individual topographical features could be seen that were aligned in the same direction as the larger aligned topographical features ( Figure 4B ). At greater than 6500× magnification, randomly aligned collagen fibers were observed, which collectively comprise the larger aligned topographical features ( Figure 4C and D) .
Uniaxial Tensile Testing. When strained in tension, the scaffolds displayed nonlinear strain-stiffening behavior. A region of nearly elastic deformation is visible on the stress−strain curves after the toe region and before achieving the maximum stress ( Figure 5 ). Significant differences were observed in scaffold mechanical properties (Table 1) . Aligned scaffolds fabricated in high aspect ratio conduits demonstrated a significantly greater ultimate tensile strength than random scaffolds fabricated in low aspect ratio vessels, which displayed no preferential orientation (P < 0.0001). The strain at the ultimate tensile strength was also significantly greater in aligned scaffolds than in random scaffolds (P = 0.0005). Differences in elastic modulus were also observed, with aligned scaffolds having significantly greater E than random scaffolds (P = 0.0008).
Cellular Response to Aligned Scaffolds. Green fluorescent protein-expressing rat dermal fibroblasts were seeded directly onto aligned and random, hydrated collagen scaffolds. While the seeding density was the same for both, the different geometries caused differences in cell density observed after 48 h. The geometry of the low aspect ratio vessel results in a flat disc-like scaffold that the cells were easily able to settle onto during seeding. In comparison, the aligned collagen scaffolds retained a basic cylindrical geometry. As a result of the curvature, cells were less able to settle on top of the scaffolds, and many cells settled on the bottom of the well plate instead, resulting in an apparent lower cell density on the aligned collagen scaffolds as compared to the random scaffolds prepared in the low-aspect ratio vessel. After 48 h in culture, those fibroblast cells which did seed to the surface of the aligned collagen scaffolds were oriented and extended along the same axis as the aligned topography ( Figure 6B ). In contrast, cells on scaffolds prepared in the low aspect ratio vessel, which demonstrated random orientation of microfeatures, did not demonstrate any preferential alignment or direction of growth ( Figure 6A ). An alignment index was generated for each scaffold, where an average value of 1 indicates alignment parallel to the axis of scaffold orientation, an average value of 0 indicates alignment perpendicular to the axis, and an average value of 0.5 indicates random alignment. Cells on aligned 
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Article scaffolds had an alignment parameter near 1 (0.957 ± 0.073), which was significantly greater than the alignment parameter for cells on randomly oriented scaffolds (0.445 ± 0.317; P < 0.0001; Figure 6D ). Alignment was exponentially distributed on aligned scaffolds but uniformly distributed on random scaffolds ( Figure 6C ). Chick DRG explants cultured on aligned collagen scaffolds extended processes along the length of the aligned collagen scaffolds ( Figure 7A ). DRG explants cultured on randomly oriented collagen scaffolds demonstrated no preferentially oriented outgrowth ( Figure 7B ).
■ DISCUSSION
We have presented a simple means of generating aligned collagen scaffolds by freezing and sublimation. We hypothesized that constraining the shape of the hydrogels to a vessel with high aspect ratio would induce alignment through anisotropic shrinkage of the gel during lyophilization. We are specifically achieving greater contraction in the radial direction than the axial direction of our cylindrical collagen gels. Although contraction in all three dimensions was not analyzed or quantified as a part of this work, we expect this introduced strain may be transversely isotropic; however, we will refer to this as anisotropic strain (or nonisotropic). The introduction of anisotropic strain to a fibrillar hydrogel induces alignment in the same plane as the tensile strain and/or orthogonal to the direction of compression. 37 Because of the geometry of the cylindrical conduit and extra mass along the length, there is greater resistance to dehydration-induced compaction in the axial direction than the radial direction. This method resulted in collagen scaffolds with highly aligned features on the scaffold surface ( Figure 1B and C) . The formation of these aligned features was dependent on the initial presence of an assembled fibrillar network within the hydrogel and the high aspect ratio vessel.
Collagen sponges have long been fabricated for a variety of medical applications, and a number of commercially available products are currently FDA-approved for human use. 23, 25, 41 Sponges of this type have been traditionally fabricated from a suspension of collagen, rather than a self-assembled, fibrillar hydrogel, which is then frozen and lyophilized to form a porous network that supports cellular infiltration and growth but generally lacks any preferential alignment. When we fabricated collagen scaffolds from an unassembled collagen suspension in a high-aspect ratio tube, we obtained a porous collagen network that displayed no preferentially aligned topographical features on the surface of scaffolds ( Figure 1E ). Fibrillar gels that were cast in low aspect ratio vessels also did not have aligned features ( Figure 1F ). Other groups have modified the approach to prepare collagen sponges to generate scaffolds with aligned pores from collagen suspensions in high aspect ratio conduits. However, the characterization of these scaffolds was largely limited to the interior pore structure, and little evidence was presented to characterize the scaffold surface.
32−36 In our approach, the highly aligned surface topography is dependent on the continuous fibrillar hydrogel network prior to freezing and the high aspect ratio conduit used for fabrication. SEM images of cross sections revealed that the aligned scaffolds fabricated from self-assembled gels cast in cylindrical conduits had a highly porous interior. Instead of appearing as individual, hollow fibers, the topographical features on the scaffold surface may be folds or ridges that arise as the scaffold contracts during lyophilization. It is not yet known if the porous interior is continuous.
Collagen scaffolds demonstrated nonlinear strain-stiffening behavior characteristic of collagenous soft tissues ( Figure  5) . 42, 43 Two groups of collagen scaffolds were prepared for mechanical testing. Aligned scaffolds were fabricated in high aspect ratio conduits and displayed preferentially aligned microfeatures on the scaffold surface ( Figure 1B and C) . Random scaffolds were fabricated in low aspect ratio vessels and displayed no preferentially aligned microfeatures ( Figure  1F ). Both groups were made at the same collagen concentration and freezing temperature. Aligned collagen scaffolds displayed a greater elastic modulus, ultimate tensile strength, and strain at ultimate tensile strength than random collagen scaffolds (Table 1 ). Similar to native tissues and other scaffolds with oriented microstructure, the alignment of collagen features induced stronger and stiffer mechanical behavior.
Several fabrication parameters were easily varied to control features of the scaffold. For example, casting the initial collagen gel in conduits of different diameter allowed control over the final diameter of the aligned scaffold as well as the size of the aligned features of the scaffold. Changing the concentration of the collagen also allowed control of the scaffold diameter, but without changing the size of the individual features. Finally, changing the freezing temperature altered the feature size without changing the scaffold diameter. Freeze-dried collagen scaffolds swell when hydrated, as measured by the increase in scaffold diameter (Figure 2 ). Swelling occurred in a uniform fashion across all scaffold conditions, preserving the linear trends measured in freeze-dried states. The size of the individual, aligned features was also sensitive to hydration. Thus, these three parameters provide a broad design space for scaffold and feature geometry, which increases the versatility of this simple approach for a variety of applications in tissue engineering.
The freeze-dried scaffold state is preferable for storage and handling, but to seed and support cells, the scaffolds must be presented in a hydrated state. SEM imaging revealed that the aligned topographical features observed in the freeze-dried state were maintained in the hydrated state ( Figure 4A ). Further examination revealed individual ridges on the surface of aligned features that were on the order of 10 μm ( Figure 4B ). Randomly oriented collagen fibers were visible at 6500× magnification ( Figure 4C,D) . These fibers were approximately 100 nm in diameter and comprised the larger aligned topographical features on the scaffold surface. This interesting result raised the question of which topographical cues would guide cell behavior. Several studies have investigated the influence of feature size on cell alignment. 44−49 Many groups have identified nanoscale features as a critical determinant for guiding cell alignment, which led us to believe that the randomly oriented nanotopography would direct cell alignment in our scaffolds instead of the 10−100 μM microfeatures. 45−47 We found that both chick DRG explants and rat dermal fibroblasts could sense and respond to the microscale aligned topographical cues on the scaffold surface. Individual axons extending from sensory neurons in the DRG explants aligned and extended in the direction of the larger, aligned scaffold features rather than the finer random, nanoscale features ( Figure 7A) . Individual rat dermal fibroblasts demonstrated similar behavior. We did not attempt to control the orientation of the nanoscale features, nor did we study alternate conditions with aligned nanofeatures on an otherwise random surface or scaffold. A well designed study conducted by Moffa et al. examined the effects of substrates that combined nanofiber topographies with aligned microgrooves on cellular alignment and orientation. 48 They found that substrates with randomly oriented nanofibers and aligned microgrooves showed significantly higher cellular alignment and orientation as compared to substrates with random nanofibers and no microgrooves. They examined samples with grooves spaced 15, 50, and 100 μm apart, distances which compare well with the size of topographical features in our aligned collagen scaffolds. Our results would seem to provide further evidence that aligned microfeatures in combination randomly oriented nanofibers are capable of inducing cellular alignment. It is clear from our results that cells and cellular projections sense and respond to the microscale alignment, and that this function is not overridden by nanoscale features.
This method represents a simple alternative to traditional fabrication of collagen sponges that allows for the introduction of aligned topography. Previously, generating aligned collagen from collagen gels required complex equipment, whereas our method only requires an incubator, a freezer, and a lyophilizer, which are commonly found in most laboratory settings. Our technique provides another option for preparing aligned collagen scaffolds toward tissue engineered solutions where structural anisotropy is a desirable feature. Skeletal muscle, tendon and ligament, peripheral nerve and spinal cord, and the circumferentially aligned lining of blood vessels have all presented significant challenges to the field of tissue engineering. This simple method holds the potential to serve as a building block for new strategies which address the need presented by replacement of these tissues.
■ CONCLUSIONS
We have developed a rapid and simple method for fabricating collagen scaffolds with highly aligned topographical features, which does not require the need for specialized equipment. This method is dependent on both the high aspect ratio vessels used for fabrication and the fibrillar network within a selfassembled collagen hydrogel. These aligned collagen scaffolds are tunable in both total scaffold diameter and the size of individual, microscale topography. SEM imaging also revealed the presence of a randomly oriented, nanoscale fibrillar topography, consistent with the size of collagen fibrils, that comprises the surface of the larger aligned microfeatures. The aligned collagen scaffolds supported the growth and alignment of axons from chick DRG explants and rat dermal fibroblasts. Overall, this simple method provides another option to enhance regenerative medicine strategies across a variety of tissue types where tissue anisotropy is critical to functional outcome, such as nerve tissue grafts, engineered tendons and ligaments, or smooth muscle constructs.
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